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13 ABSTRACT

~-*Regsearch on preparation of, characterization of, and physicai-property measure-
ments on rare-earth compounds of technological poctential is described. Work was in
four areas: magnetoferroelectric materials, narrow-band narrow-gap cemiconductors,
rare-earth pnictides, and cooperative excitation of luminescence of rare-earth ions
in insulators. In the first area, study of heavy rare-earth manganites and chromites
and their solid solutions has been emphasized. Ranges of solid solution and weak
ferromagnetism have been determined for Yb compounds. High pressure orthorhombic
phases of Y, Ho and Yb manganites were shown to be antiferromagnetic. Work is in
progress to determine the extent of ferroelectricity in all of the systems prepared.
In narrow-band narrow-gap materials, it was attempted to determine the nature of a
localized excited state in SmB_ in order to understand the conductivity transition.
However, work on very well characterized SmB, has thus far been inconclusive. Work
on the pnictides was primarily on production of near-stoichiometric oxygen-free
samples of DyN for magnetic resonance studfes. Finally, studies on two-photon
infrared~-exci' :d red fluorescence of YoY™ ions in CaF, have established that at ion
concentrations greater than about 0.57 the fluorescence arises from cooperative
energy transfer between Ho3t ions rather than from successive excitation of a single
ion, -
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SUMMARY

This report describes the first year of a research program on prepara-
tion, characterization, and measurement of relevant physical parameters of =
number of rare-earth compounds of potential technological significance. The
program includes work in four distinct, although not entirely unrelated, areas,
which will be descrited in turn.

The first of these areas is what we have termed magnetoferroelectric

materials. This has been the area of greatest effort - a little over half the
total., The primary objective of this work is to develop a material that is both
ferroelectric and at least weakly ferromagnetic (see Appendix A) in some useful
temperature range. A pumber of possible devices using such materials are de-
scribed at the end of Section IIA and in the references given there. The work
during the first year has emphasized the heavy rare-earth manganites and chrom-
ites and their solid solutions with each other and with the rare-earth ortho-
ferrites. The ranges of solid solution and of weak ferromagnetism have been
largely determined for the ytterbium compouﬂds, although a few questions remain
about possible ferrimagnetic impurities. Work is now in progress on determining
whether any of the weakly-ferromagnetic materials are ferroelectric, -as the anti-
ferromagnetic hexagonal forms of the heavy rare-earth manganites are known to be.
The work is also being extended to holmium solid solutions; other cations may be
considered later.

The second area is that of narrow-band, narrow-gap materials. While

such materials have a numter of interesting properties, the greatest attention
during the past few years nas been to those materials which undergo conductivity
transitions - rapid changes from semiconducting to metallic behavior as tempera-

ture or some other external parameter is varied. For practical application,
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those transitions which can be influenced by an applied electric field are most
important., although no cases where this happens are known for certain. Among
rare-~earth compounds, those containing divalent samarium are of greatest interest
because of the unique combination of low-lying excited states and narrow-band
gapas. OJur research has aimed principally at establishing conclusively the nature
of the excited state in well-characterized samarium hexaboride, which undergoes a
rather gradual conductivity transition at low temperature. Understanding this
excited state should provide information about the nature of the transitions in
other samarium compounds. We have not yet been able to prove the validity of
present theories on the nature of the excited state, although we were able to
characterize our samples quite thoroughly. Recently work has been extended to
samarium sulfide-selenide solid solutions, but only preparative work has been

done so far.

The third area is called rare-earth pnictides, although the experi-
mental work has been limited to nitrides. There has long been controversy over
whether the pure stoichiometric rare-earth mononitrider are semiconducting or
metallic. If semiconducting, and if not too extraordinarily difficult to pre-
pare, these materials should have useful optical and electronic properties.
After following some relatively unprofitable trails, we concluded that the best
test of the inherent naturc of the material would be nuclear magnetic resonance
measurements of hyperfine field (indicating conductivity character) and quad-
rupolar broadening (indicating relative stoichiometry) on powder matzrials as
near stoichiometric as possible. Samples of DyN which appear to be close to
stoichiometry and free of oxygen impurities have recently been prepared, but

the MMR measurements have not yet been carried out.
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Finally, a small part of the effort was directed toward study of
the interaction of rarz-earth ions (specifically H03+) in CaF2 and similar
insulating crystals. It was shown that excitation of visible luminescence
proceeds by a cooperative process involving two ions rather than by a sequen-
tial (two-step) process when the H03+ concentration is greater than 0.5%.
Such effects may be important factors in limiting the performance of doped

crystals as infrared-to-visible converters and similar optical devices.

=Tk
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I, GENERAL INTRODUCTION

This report describes the first year of = program of research on
several classes of compounds containing rare earths:

1) Magnetoferroelectric materials

2) Narrow-band narrow-gap materials

3) Rare-earth pnictides

4) Fluorides containing dilute concentrations of rare-earth ionms,
Although these are rather diverse areas, the electronic, optical, and magnetic
properties resulting from the rare-earth 4f electrons are of primary impor-
tance in ail of them. We proposed rescarch in these areas because it appeared
that they were all promising (and widely considered so) fur applications within
a few years, but that insufficient syste: i1tic work was being done to assess
accurately their potentialities. The present work has therefore involved
systematic exploration of some of the more promising groups of compounds,
together with careful characvzrization of the materials synthesized, the prin-
cipal objectives being i) to understand the factors affeqting material param-
eters, ii) to attempt to develop better materials on the basis of this under-
standing, and iii) to develop some of these areas to the point that relatively
specific application possibilities emerge. This is an ambigious undertaking,
an! has not, of course, been completed in one year; work is continuing under
an extension of the program. Because of this, this report does not always
present final conclusions, but does present in each section a discussion of

present status, conclusions reached so far, and future plans.




The grea%est part of the work (probably a little over half) has been
in the first area listed, magnetoferroelectvics. In the second and third areas,
the work has been primarily on methods of preparation anéd characterization,
while in the last area, which represented only about 5% of the total effort,
no preparative work was necessary, only measurements on commercially obtained
samples. Well over a hundrad scparate preparactive eXperiments have been carried
out and the products characterized by X-ray diffraction and a variety of other
means, principally optical emission spectroscopy, electron-probe microanalysis,
puclear magnetic resonance, and electron paramagnetic resonance. More than

sixty substantially different samples (not ju§§ag%§£e§55t ptg?es_gffﬂgﬁepigl o
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in a relatively self-contained format, Certain detailed or _bg.a?f round, mat .,13}
has been relecgated to several appendices. The reﬁerendes in the main text are

numbered consecutively snd listedL;Qgethefxon pages 71 and,72. ggghxgpgend}xg'
on the other hand, stands independently and pasldt§{9§n ;efegedgesg as_ye}l as
its own table, figure, and equation npmpers. »99¢a§10nal‘refepenee 3 made.tp

the Semiannual Report on this project.>iWh11e‘gothiqg oﬁ.gajgx_fégn}ficapce_l"
has been omitted from the present report, in a few cases it has not been_i
thought worthwhile to repeat minor details from the SemiannuglgRegoFt: A

number of the results given in the Semiannual Report have teen modified

through measurements on better samples or more thorough analysis of data.




II., MAGNETOELECTRIC MATERIALS

JiA. INTRODUCTION

The term "magnetoelectric' encompassec more than cne type of physical
phenomenon; these phenomena and the types of materials which may be expected to
exhibit them are discussed in Appendix A. The primary objective of the present
work i3 the development of ferromagneto-ferroelectric materials - that is, ma-
terials which in some temperature range are ferroelectric and at lecst weakly
ferromagnetic - containing rare earths and displaying magnetoferroelectricity
at relatively high temperatures - at least liquid nitrogen temperature (77 K)
and preferably room temperature. A secondary objective is determining whether
the materials studied may have other magnetoelectric properties, and a tertiary
objective is of course noting whethe’ these materials have any other interesting
or useful properties. There is no fundamental reason thes development of magnetc-
ferroelectric materials should be limited to, or even concentrated on, compounds
containing rare earths; but a previous theoretical study and review of known
ferroelectrics indicated that tl. rare-earth manganites and molybdates and solid
solutions based on them would be of interest; so they were selected for initial
study. The work on the manganites was later extended to some rare-earth chromites
and manganite~chromite and manganite-ferrite solid solutions.

The proposed applications of magnetoelectric phenomena are mainly based
on the idea of electric field control or variation of the magnetization depen-
dence of some property. Among the possibilities are electric field control of
amplification of spin or magnetoelastic waves, electric field modulation of
Faraday or other magnetooptical effects, simultaneous electric and magnetic stor-

age in thre same volume element (providing, with optical readout, what amounts to




a 3- or 4-position switch or ternary or quaternary memory element), and frequency

doubling and other non-linear processes in the microwave region.

IIB, MANGANITES AND CHROMITES

The simplest manganites o. the heavy rare ecarths (Ho through Lu and
yttrium) have formula (RE)Mn03, have a hexagonal crystal structure, and are
ferroelectrics with very high transition temperatures, 600 - 700 C. They become
antiferromagnetic at low temperatures and weakly ferromagnetic only in a few

cases when the rare-earth ions order at temperatures below 10 K.5’6

By contrast
the light (Ce through Dy) rare-earth manganites are orthorhombic, not ferroelec-
tric, and weakly ferromagnetic at low temperaturea.6 The hexagonal heavy-rare-
earth manganites can be transformed under high pressure and temperature to an
orthorhombic form;7 no studies of physical properties of materials in this rform
had been undertaken prior to the present work. (By way of completeness, we
mention at tnis point that the rare-earth ferrites of similar composition are
all ortherhombic, not ferroelectric, and weakly ferromagnetic with high transi-
tion temperatures; while the chromites of composition (RE)Cr03, are orthorhombic,
weakly ferromagnetic at low temperatures, and are claimed in some cases to be
ferroelectric.s) Our reseuarch on these materials has aimed at providing answers
(at least partial ones) to the following questions:
1. What are the properties cf the orthorhombic forms of
heavy rare-earth manganites?
2. Can weak ferromagnetism (at higher temperatures) occur
or be made to occur in hexagonal manganites?
3. Can weak ferromagnetism be produced (in conjunction with
ferroelectricity) in solid solutions of manganites

(ortho or hex) with chromites or ferrites?




4, Are rare-earth ortnochromites actually ferrcelectric?

A study of the symmetry properties of these materials enables cne to
determine what sort of electrical and magnetic properties may be expected. The
normal-form manganites have either the hexagonal space group9 P63cm or the tri-
gonal one P3cl. The latter structure is only s very slight distortion of the

former, and one cannot distinguish between them by X-ray diffraction, although

they are not Buerger groups of each other. There are differences in the allowed

magnetic symmetry, though. The group P63cm allows botii the antiferromagnetic
groups P65c'm and P65cm' and the ferromagnetic group P63c'm', while the trigonal
group allows only ferromagnetic P3c'l. The antiferromagnetic order observed by
neutron diffraction has led to the bellef that the former structure is correct.
It should be noted that in either symmetry, any net magnetic moment is parallel
to the c-axis, as is the polarization direction in the ferroelectric state.
Although these structures permit magnetoferroelectricity, of more general device
interest are ones having an orthogonal relationship between magnetization and
polarization. This requires orthorhombic, monoclinic, or triclinic structures.

The orthorhombic high-pressure phases of the heavy rare-earth mangan-
ites have one of two possible space groups, centrosymmetric Pbnm or noncentro-
symmetric an21, the latter being necessary for ferroelectricity. These two
groups are Buerger groups - that is, they cannot be distinguished by X-ray dif-
fraction alone; and physical property tests for acentricity are required for
each compound. This is also the case for the light-rare-earth manganites and
for the RE orthochromites and orthoferrites of similar composition. Some of

the rare-earth gallates, such as NdGa0O,, are known to have the acentric structure.10

3

The possible magnetic structures for these two space groups differ; for Pbnm there

are both antiferromagnetic and ferromagnetic groups, while for Pbn2 , the groups

1
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are all ferromagnetic. In the latter case, for two magnetic groups, an'2'1 and
Pb'n2'1, the net magnetic moment and electric polarization are orthogonal.

In the research performed this year, we prepared polycrystalline ma-
terials, and studied the properties of both forms of Y, Ho, and Yb manganites.
The rare-earth cations were selected to provide a variety of atomic radii and
magnetic moments. An investigation was started on the extent of solid solutions
of YbMnO, with both YbCrO, and YbFe0O.,. We also measured magnetic susceptibil-

3 3 3

ities of the solid solutions and of YbCr03. Ytterbium was chosen as the cation
in the initial solid-solution work on the basis of greatest compatibility of
molecular volumes. It does tend to lead to somewhat low magnetic transition

temperatures, though, and other cations will also be studied.
IIBl. Preparation and Characterization

The rare-earth manganites YHnO3, YanO3 and HoMnO3 in powder form were
prepared by solid-state reaction. Initially samples were made by the reaction
of an intimate mixture of 99.9 percent pure rare-earth oxide and MnO2 in pletinum
containers. The reaction conditions and phase analyses are given in Table I.
These samples were used for establishing conditions for the high pressure trans-
formations and for initial electric and magnetic property studies. It was found
that at about 1300 C in oxygen there was some reduction of the manganese to form
Mn30

4° The detection of Mn304 in YMnO3

irdicated reduction even at the lower temperatures of 1250 to 1300 C. The rare-

by magnetic susceptibility measurements

earth manganites YanO3 and HoMnOQ appear to be slightly more stable than YMnO3.

The preparations of YMnO Yan03, and HecMnO, made by the sintering

3 3

reaction of tne oxides were checked for phase by X-ray diffraction, The materials

had the hexagonal rare-earth manganite structure., The unit cell parameters and




TABLE I.

oxides.

Data on the preparation of
rare-earth manganites from

Reaction Conditions

Detected in Product by
X-ray Diffraction Analysis

—Reactants
+

Y203 Mno2

(refired)

Y203 +-Mn02

H0203 + MnO2

above + 1 wt? Mno2
Yb203 + MnO2

above + 1 wt% MnO2

1350 C in oxygen, 4 hrs.
1275 C in oxygen, 6 hrs.

1250 to 1300 C in oxygen 3 hrs.

1350 C in oxygen, 5 hrs.
1280 C in oxygen, 5 hrs.

1350 C in oxygen, 5 hrs.
1280 C in oxygen, 5 hrs.

YMnO3 + minor Mn304

YMnO3 only

phase

YMnO., *'

Hoﬂn03 + minor Hozo3 phase

%*
HOMnO3 + trace H0203

Yano3 + minor Yb203 phase

YanO3 + trace Yb203

*
Sources of material used for initial high pressure transforration and for
electric and magnetic measurements.




volume per molecule are given in Table II. The X-ray diffraction data are

indexed for hexagonal space group P6_cm. The heavy rare-earth manganites can

3
be transformed under high pressure from the normal hexagonal phase into a more

dense orthorhombic phase.7 The conditions for the transformation of YMn03, YanO3 and
HoMnO3 were investigated using both girdle and piston-cylinder high-pressure devices.11
Powders of the campounds were sealed in platinum and heated to 1000 C for 2 hours

at pressures from 35 to 60 kbar. The specimens were quenched from 1000 C while

kept under high pressure. Hewxagonal YMnO, and HoMnO3 were transformed completely

3

at pressures greater than 35 kbar, while hexagonal YanO3 required pressure of

40 kbar at 1000 C for transformation. The specimens were produced in the form
of sintered discs, 2~3 mm diamrter. The hexagonal phase of YanO3 was also
compressed into sintered discs at 1000 C under 35 kbar pressure.

The X-ray diffraction data of the high-pressure phases are indexable

on orthorhombic unit cells (Table I1). The possible space groups are centro-

symmetric Pbnm and noncentrosymmetric an21. Thus the crystal structure is
similer to that of the rare-earth orthoferrites, orthochromites and light rare-
earth manganites, and the space group of each compound must be determined by
physical property tests for acentricity. There is a volume decrease of about
9% in the transformation from the hexagonal to orthorhombic phase. This is inm
part due to the it.crease in cation~-oxygen coordination, with that of manganese
going from 5 to 6 oxygens and that of the rare earth going from 7 to 12.

To a}d in interpretation of observed electrical and magnetic properties,
several samples of YMnO3 were analyzed by the optical-emission spectrographic
method. Samples of Mn metal and Mn oxides also were analyzed to evaluate these

materials frr potential use in future preparative work. The results, which are

given in Table III, show significant concentrations of several impurities in the




**  Volume per formula unit, A
‘(a) Literature values.

- S S e S
9
TABLE II. Crystal structure data on rare-earth

manganites, chromites, and ferrites.

Unit cell parameters in angstroms*

at 25C.

Hexagonal Orthorhombic
Compound a c Q a b c Qe
0 o o o o
YMnO3 6.12 11.39 61.6 5.24 5.84 7.36 56.3
HoMnO3 6.13 11.43 62.0 5.26 5.84 7.35 56.48
YanO3 6.05 11.36 60.04 5,22 5.81 7.30 55.34
YbCrO3 - - - 5.19 5.50 7.48 53.46
YbFe03(a) - - - 5.233  5.557 7.57 55.02
Yan.95Cr.0503 6.05 11.34 59.97 - - - -
Yb"“.zscr.75°3 - - - 5.19 5.55 7.46 53.72
YbFe.SHn.503 6.02 11.50 60.15 - - - -
YbFe.ZSMn.7503 6.024 11.43 59.87 - - - -
o

* Error = 0.01 A °q



TABLE III.

10

Concentration of Impurity Elements, weight %*

Spectrographic analysis of manganites and chromites.

Fe Si Mg Mo Al Ca Ti v Co
YMnO3 .03 .1 <,001 1. .02 .01
(from Y203+Mn02)
Mno2 .1 <.001 <.,001 <.002 <.001 <,001
Mn metal <,001 <,001 <.001 <,002 <.001
YanO3 <.001 .02 .002 .05 001 .02 <.003 <.001 <,003
YbCro3 <.001 .002 <.001 .003 .001 .005 <.003 <.001 <.003
Ni Cu Cr Mn
YMnO3 .0605 .002 <.001 High
(from Y203+Mn02)
MnO2 .003 <,001 .01 High
Mn metal <.,001 <,001 <.003 High
YanO3 <.001 .0005 .001 High
YbCrO3 <.001 <,0005 High <,001

XL

* Accuracy + 50%.
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manganite samples: Al, Si, Ca, Co and Fe. X-ray data indicate that these im-
purities may be present in minor phases (e.g., YAIOB). The analytical results
suggest that the high Al and Si concentrations did not originate in either the
M:zOz or the Y203.

tions were monitored carefully in follow-up preparations. The analyses of sources

Contamination during processing was suspected, and all opera-

of Mn indicate that the Mn metal is, from the standpoint of purity, to be pre-
ferred over available MnO; so this was used in subsequent preparaticns. (The
success of these procedures in reducing impurities is indicated by the spectro-
graphic data also given in Table IIT on a later preparation of Yan03. This is
discussed further below.)

Compositions across the YanOB-YbCrO3 and YanOB-YbFeO3 system were
prepared, The method consisted of solid-state reaction of an intimate mixture
prepared by evaporating to dryness a solution containing the reactants. Higﬁ-
purity manganese metal (99.97%) (see Table III), ammonium dichromate (reagent
grade), and ferroue chloride (99.999 + %) converted to oxide were sources of
the 3d elements, while 99.9% Yb203 was used., The solutions were mixtures of
nitric and/or hydrochloric acid solutions of the separate constituents. The
mixed oxides from the evaporation were calcined in platinum at increasing tem-

_peratures up to 1175 C in air. This temperature was chosen to avoid Mn.go4

formation. The YbMnO -YbCrO3 mixtures were also subsequently fired to 1300 C in

3
air. The YanOB-YbFeO3 mixtures were finally fired to 130u C in one atmosphere
of 02. Table IV lists the reaction conditions and phase analysis by X-ray

diffraction. Spectrographic analyses of the YanO3 and YbCrO3 preparations
(Table III) show much lower impurity content compared to the initial preparation
of YMnO3 from Mhoz, particulurly of the 3d elements which could substitute for

Mn or Cr and affect electric conductivity.
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TARLE IV. Reaction cenditionz and phase analysis
of YbMnO_, - YbCr0O, and YbMnO, - Yb¥eQ_*
3 3 3 S 3
Tcap. Time Temp. Time
Composition C Hr. C Hr. Phases** Produced
YanO3 1100 15 hex YanO3
1250 2 "o
1175 15 "
Yb““.9scr.05°3 1175 21 hex YanO3 + t?ace ortho YbCrO3
YbMn 90Cr 1003 1175 21 hex YanO3 + YbCro,
1300 8 " " " 4 trace Yb203
Ytin.75Cr.2503 1175 110 hex Yan03 + YbC'.‘O3
1300 8 " " "
" " "
Yan.SC.r.SO3 1175 16
1300 8 L L ] I "
, A
YbMn ,Cr ;.05 1175 20 A Yber3 + hex YanO3
1300 8 " + trace YanO3
YbCru3 1100 16 ortho YbCrO3
1300 17 o
1300 17- "
YbFeO3 1175 . 21 YbFeO3 + trace Yb2_03
1300 36 ortho YbFeO,
YbFe 25Mn 750q 1175 16 hex YanO3
1300 16
YbFe SMn 503 1175 17 hex YanO3
1300 16 "
1300 24 "
YbFe.75Mn.2503 1175 16
1300 16 YbFeD3 + hex YanO3
YbFe.6Mn.403 1175 16
1300 16 hex YanO3 + YbFeO3
* From culcination of evaporated solutions.
*% YanO3 and YbCrQ3 denote type of phase.
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YMnO3 was alsn prepared from 99.99% 'Y203 and high-purity manganese

metal by evaporation to dryness of a solution of the elements. The final cal-
cination conditions were 1175 C in air for 21 hours and yielded single-phase

hexagonal YMnO This preparation was converted completely to the orthorhombic

3.
phase by treatment at 35 kbar and 1000 C for 2 hours.

The solid solution fields between hexagonal Yano3 and orthorhombic

YbCrO3 were found to be quite restricted at 1175 C, the limits being less than

5 mol percent YbCrO and 25 mol percent YbMnO, in YbCrO,.

3 3

052, 954

5Mn.zso3 for the orthorhombic chromite

phase. The unit'céll constants and molar volumes of these phases are given in

3 in hexagonal YanO3
At 1300 C the solic solution was extended slightly to approximately YbCr

for the hexagonal Yan03 phase and YbCr 7

Table II. Chromium add@tion decreases the molar volume of the manganite phase
while manganese substitution increases the @clar volume of the chromite phase.
In the latter case the shift in the unit cell parameters is not unitorm,there
being an increase in the b- and a decrease in the c-axis. This is in accord

with the difference between the orthorhombic phase of'YanO ‘and YbCrO..

3

In contrast, extensive solid solution was found of YbFeO, in hexagonal

3

YanOs, with the limit at about 50 mol percent YbFeO The solid solution has a

3¢
decrease in the a parameter and an increase in the c'parameter with almost constanc
molar volume (fable 11). This marked difference between §e3+ and Cr3+ in sub-
stitution in YanO3 must be depe~dent on the cation-cxygen bonds and not on ionic
radii which are quite comparable: 0.614 for Cr3+, 0.634 for Mn3+ and 0.64A for
Fe3+. This is similar to the differencé in site stabilizaticn energy for octa-
hedral versus tetrahedral coordination in spinels where Cr3+ has larger excess
octahedral stabilization energy while that of Mn3+ and Fe3+ is zero. Thus the

Cr3+ ion is much more stablz for the octahedral coordination in the orthorhombic

chromite than for the five-fold coordination in the hexagonal manganite.
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Reactions under high pressure (up to 40 kbar) of the YanOB-YbCrC*.5

compositions were investigated to determine the range of solution betweca tie

orthorhombic YbMnO, phase and YbCrO For these isomorphous structures, one

3 3°
should expect a region of complete solid solution. The powder samples were
pressed and sealed in platinum tubing to form specimens about 3 mm diameter and
6 mm long. These were reacted under 40 kbar at temperatures from 1000 C to

1240 C for about 6 hours and were quenched while under high pressure. The spec-
imens were sintered solid discs. Phase analysis was done by X-ray diffraction,
CrKy radiation, of crushed powder. At 1000 C there was no appreciable increase
in the solid solution range of YanO3 in the orthorhombic YbCrO3

the prior reaction at 1300 C and one atmosphere. The hexagonal YbMnO

beyond that for

3 phase was

transformed into a new phase which did not have the orthorhombic structure found

previously in YMnO The new phase is termed YbMnO, III,

3 3° 3
since it was also found as a minor phase in experiments with just the YanO3 at

35 to 40 kbar and 1009 to 1100 C. The stability field of the orthorhombic YbMnO

YanOa, and HoMnO

3
phase ranges from 1100 C at 30 kbar to 1000 C at 35 kbar with the hexagonal

phase being stable at 30 kbar and 1000 C. The composition YbMn 0, at

.95%% 0593

1000 and 1240 C under 40 kbar was converted to the new YanO3 ITI phase plus

some of the orthorhombic YbMnO,. The other YanOa-YbCrO compositions after

3 3

reaction at 1030 C under 40 kbar were composed of YanO3 I1II and orthochromite

phases. The pure YbCrO, composition remained unchanged.

3
However, reaction at 1240 C under 40 kbars did extend the solid-solution

field of the orthochromite phase to about YbMn 5Cr 503. The manganese-rich com-

positions remained two-phase, the orthochromite phase and the new YbMnO, ITI.

3

The composition of the latter phase 4id not extend beyond YbMn Fig. 1

.95%F 0503°

shows these phase fields for pressure versus composition at 1000 C and about




1 T i T ] | LI ] T
40 —: .]I[,O 'm,c o\ C ® - CJ
ao oIII,0 \
,Iﬁﬁ) \
30 po \ -
) %1200 °C \
2 | \
a | \
o 20h .
= ! \
~—— | \
a | \
10 | \ -
1=—H H+C \ C
i \
| \
0 Hit 0.C | '::CL ] H'.C 1 ) in Y |
’9 T I 1) i 1 ¥ 1 LI
40 :’ ,1’1;,’ *m,c *m.c fem §|
R ',
30hH ~ 000 °C \ |
‘l |
o | '
S |
g 20H _
z | ‘
a | !
10 Fi—H H+C I C _
| |
i |
HIH,C H,C C,H C,Hl
0 L i e ] s ! N P L
O 0.2 04 06 0.8 ,O
YbMn O X Yb CrOs
FIGURE 1. PHASES FORMED IN THE YbMnO,-YbCrO SYSTEM AT ABOUT

1000 AND 1200 C. H: HEXAGONAL YBMnO, FHASE;

0: ORTHORHOMBIC YbMnO, PHASI': III: NEW ORTHORHOMBIC

(PSEUDOTETRAGONAL) YbM%OaEPHASE; C: ORTHORHOMBIC

YbCrO, PHASE. DOTTED LINES MARKING LIMITING COMPOSITIONS
ARF OaLY APPROXIMATE.




16

1200 C. The regicn of stability of thz new phase YanO3 II1 has not been well

defined, though. Both hexagonal and orthorhombic YanO3 phase fields have quite

limited so0lid solution with YbCr03.

The homogeneity of the sintered solid specimens from the 40 kbar-1240 C
reaction was investigated by electron probe microanalysis. Of the three appar-
ently single-phase samples, only the YbMn 75Cr 2503 was uniform in composition

from grain to grain. It did have a very small amount of Yb203 also. The

YbMn 5Cr 503 specimen had a variable ratio of Mn to Cr from grain to grain, and

it apparently would require much longer reaction time than 6 hours of the present

experiments. The YbMn Cr 0, specimens had chromium concentration fluctua-
P .95°F.05°3 8P€

ting from zero to 1.9 weight percent versus the nominal 0.9 weight percent.
Nevertheless, the vtterbium concentration remained essentially constant and agreed

with that of hexagonal YbMnO

‘Thus the new phase YbMnO, III has the same

3.

composition and is not a higher manganate.

3

The structure of the high pressure Yan03 III phase has not been re-
solved. Powder X-ray diffraction data indicate probable orthorhombic symmetry
with a unit cell which is almost tetragonal. Further experiments oun Yan.95cr.0503
at 1100 C under 35 kbars show both high-pressure phases. Apparently there is a
narrow temperature-pressure region for the new phase field.

For the study of electrical conductivity, solid sintered specimens of
XanO3 and YbCrO3 were annealed at 1175 C in argon for 22 hours. The YbCrO

remained stable but the YanO3 decomposed into Yb203 and MnO.

3

Chemical Vapor Deposition. Single crystals of YMn03-type compounds
nave been grown previou=ly from molten fluxes of lead and bismuth oxides. 1In
this method there is always scme question of impurities in solid solution and of

trapped inclusions. An alternative method of crystal growth was sought which
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might also permit growth of oriented thin films suitable for optical transmission
measurements. Chemical vapor deposition appeared to be suitable for growth of
YMnO3 crystals free of the impurities encountered in the flux method and also
for deposition of thin films. The process is similar to that employed for growth
of ferrites and garnets.12
Various vapor-phase reactions th-.t could be used for growth £ rare-
earth manganites were evaluated thermodynamically., Favorable processes were:
1. Growth of rare-earth mangenites by hydrolysis of the
rare-earth and manganese chlorides in a continuous flow
system.
2, Deposition of rare-earth manganite by decomposition and
oxidation of the rare-earth and manganese acetylaceton-
ates in a continuous flow system.
3. Regrowth of the rare-earth manganite by chloride vapor

phase transport through a temperature gradient with a

HC1l atmosphere is a sealad tube.

Experiments on vapor transport through HCl were first tried with source
material of YMnO3 powder. Thermodynamic calculations for vapor transport13 st.ow
that there is no dependence of the free energies of reaction on HCl pressure and
that the hot and cold temperatures respectively should be above and below about
1000 C. Accordingly, experiments were tried using a source of YMnO3 powder at
1025 C urder 0.2 atmosphere HCl in a sealed silica tube. Crystals of Mn_ 0, and

34

possibly Y were deposited in the cold end at 810 C. However, there was also

2%
some silica reaction with the HCl and deposition of some silicate phases. Because
of these side reactions in the closed system, the experiments were directed to

the first reaction using an open tube continuous=-flow system for oxidation of
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YCl3 and MnCl2 vapors by H20. With this method, the corrosive HCl gas should
be swept away by the carrier gae. The initial experiments yielded deposits of
YZO3 at 1000 to 1025 C. Increased temperature and oxygen pressure apparently are
needed for reaction of the MnC‘.2 vapor.

Further vapor deposition experiments on YMnO3 were done with substrates
of alumina and platinum separately heated at 1200 C in an ambient furnace tem-
perature of 1000 C using injection of wet oxygen. In one experiment, YMnO3 was
formed as small particulate platelets on a platinum substrate but only Mn304
was deposited on an adjacent alumina substrate on top of the platinum. The
YMnO3 was 1dentified by both X~-ray diffraction and electron microprobe analysis.
The difference was probably due to a lower temperature for the alumina substrate.
Subsequent experiments had deposits of Mn304 with some silicon contamination.

The latter appeared to result from reaction of hydrated YCl3 with the silica

tube. Therefore, the YCl, is tzing purified and cddition of HCl vapor is planned

3
to control the decomposition of the YCl3.

1IB2, Magnetic Properties

A complete series of magnetic susceptibility measurements from 4.2 K
to room temperature, and in a number of cases to several hundred degrees higher,

was made on samples with the foullowing nominal compositions and structures:

Hexagonal
*
YMnO3 Yb Mn.950r.0503
*
HoMn03 Yb Mn.sFe.SO3
YbMnO
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Orthorhombic
%
YMn03 Yb CrO3
%* %
HoMn03 Yb Cr:75Mn.2503
%*
YanO3

DyMr.O3 (77 - 300K only)

On *he materials marked with asterisks, no previous measurements have been reported
in the literature. For most of the other materials, we believe our measurements
are on samples somewhat better than those used in previous work. Results on
materials in the left-hand column were presented in the semiannual report, but

in most cases new measurements have been made on higher-purity samples and it

is those that are reported here. No measurements have yet been made on samples
in which the new orthorhombic phase YanOa-III (see Section IIBl) predominates.
The primary purpose of these measurements is of course to determine the tempera-
ture and compositionranges over which ferrimagnetism exists in these compounds,
in order to determine which might possibly be ferromagnetoferroelectric. 1In

most cases magnetic measurements properly take precedence over those designed to
reveal the presence of ferroelectricity, éince the latter are more sensitive to
the presence and nature of impurities and thus require more extensive preparation
efforts.

In several specimens, the susceptibility results had to be corrected
for the presence of small amounts of second-phase material which was often fer-
rimagnetic. The manper in which this is done is described for the most severe
case, an impure sample of ortho-YMn03, in Appendix B. A discussion of the gen-
eral problem of second-phase magnetic effects is given below in this section.

One specimen, orthorhombic HoMn03, was found to be metamagnetic at low tempera-

tures; a detailed data-analysis for such a case is described in Appendix C. The
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low-temperature-data analysis of a typical weak-ferromagnet, YbCrOs, is described
in Appendix D. A discussion and justification of the method of treatment of
high-temperature data for all materials, using YbCrO3 as an examp'e, is also to
be found in Appendix D.

The principal results of the magnetic susceptibility measurements are
as follows:

1. YbCrO3 and chr.?SMn.2503 are weakly ferromagnetic belc. around
114 and 111 K respectively. The latter material appears to have a region around
70 K where the moment disappears. Hexagonal Yan.9SCt.oso3 may be weakly ferro-
magnetic below 70 K, but this must be regarded as not yet proven. The apparent
zero-field magnetizations and high-field susceptibilities, as defined in Appen-
dix D, are shown respectively in Figs. 2 and 3. To make the curves clearer, we
do not show individual data points; the overall consistency of the data (apart

from possible systematic errors) is, however, indicated, and individual points

for the orthochromite are given in Appendix D.

2. Orthorhombic YMnO3 is antiferromagnetic below 42 K.

3. All the other materials appear paramagnetic down to 10 K, although
many of them are believed to have higher-temperature antiferromagnetic transitions

which are not signalled by any noticeable changet in the susceptibility.

4, Orthorhombic HoMnO3 becomes metaragnetic just below 10 ;.

There are two factors complicating the interpretation of the low-

temperature data:
1. The su.ceptibility varies rapidly with temperature at the lowest

temperatures, and the temperature varies fairly rapidly with time as the system
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begins to warm up. This means that data points must be caught on the fly, lead-
ing to some scatter in the data and possible systematic temperature errors due

to thermal lag of the thermometer. These effects might be amplified by the
smoothing arl extrapolation procedure used to analyze the data (Appendix D). On
the other hand, a meaningful kink in the data might be interpreted as scatter

and smoothed out of existence. All this is principally a problem below 10 or 12 K,
which is hardiy the region of greatest technological interest. More detailed
measurements in this range might be helpful in separating cut the effects of
various possible minor second phases, as would neutron diffraction measurements,

but we have not felt that the substential expenze involved was justified.

2. There ar-, =everal possible compounds which may be present in one
or another of the sampl.. as second phases. Even below the 1% level, these
materials may significantly affect thke observed susceptibility and magnetization,
since the effective moment per molecule in the ordered state of the weakly fer-
romagnetic materials is very small (Fig. 2). The principal such compounds are:
a) Mn304, hausmannite, a tetragonally-distorted spinel. This compound

14,15

orders ferrimagnetically at around £2-46 K, and was responsible for the be-

lief held for several years that hexagonal YMn0, was weakly ferromagnetic below

3
.such temperatures. As discussed in Section IIBl, we have succeeded in substan-
tially eliminating this material in certain cases, and could presumably do so in
others if we felt that it was worthwhile.

b) MnCr204, a cubic spinel. This material has a Curie temperature
and magnetization curve similar to Mn304, but the maximum moment developed is
somewhat smaller.16

c) MnZCroa, a slightly tetragonal spinel. Very little seems to be

known about this compound, but its Curie temperature is reported15 to be 65 K.
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d) YbFeO Although this weakly ferromagnetic orthoferrite has a

3'
much smaller magnetic moment17 than the ferrimagretic spinels listed above, it
has a high Curie temperature (around 625 K) and its effect is noticeable in the

iron-containing solia solution,

The effective magnetic moments of these possible impurities, insofar as .hey are
xnown, are shown as functions of temperature in “i~, 4. One might expect that
second phases of importance would show up in some of the preparations in amounts
sufficient to be detectable by X-rav analysis. The compounds MnCr204 and MnZCrO4
have not been found by this means iu any of our preparations; this is scarcely
proof, however, that they are not there, particularly since when present as
impurity phases, they may not show up in their pristine form but rather with
Jissolved rare-earth or other 3d ions.

The high-temperature (150-20C X to 300-400 K) magnetic pcoperties of
the samples measured are summavized in Table V. The effective high-temperature
moment is in all cases close to the "thwnoretical" value obtained by essuming the
spin-only moment for the 3d-ions and the stirong LS coupling moment for the rare
eacths. The most obvious generalizatiocns about the paramagnetic Curie
temperatures (Op's) are

i) ;he Sp's for the orthomanganites are smaller than those for

the corresponding hexagonal - anganites, and

ii) therve seems to be the same genecal sort of dependence of FP
on rare-earth ion found in the hexagonal manganites ard the
orthochromites.

We now proceed to give a few details on the measurements on each material.

1. Hexagonal YMn03 The susceptibility »f a sample of hex-YMnOa. nearly

free of Mn304 is shown in Fig. 5. Within the accuracy of the data there is not
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TABLE V, High-temperatuvre magneric properties of
rare-earth manganitzs and chromites and
solid solutions based on them.

Effective "Theoretical"
Crystal Piramagnetic moment uef moment p.p
Material System Curia Temp.,ep(K) Bohr magnegons Rohr magnetons
YMnO, hex -550(-502) 5.37 (5.34%) 4.90
YMnO3 ortho -67 4.98 4.90
HoMnO, hex -23(-35%) 11.1(11.4%) 11.68
HoMnO3 ortho =23 11.3 11.68
Ybiino, hex -200(-219%) 6.43(6.74%) 6.68
) b. b
YanO3 ortho -83(-79 ) 6.72(5.707) 6.68
YbCro, ortho -102(-110°) 5.87(6.05%) 5.96
YbM".9scr.os°3 hex =16€ 6.31 6.64
Yan.Zscr.7503 ortho -83 5.99 6.15
YbMn qu S03 hex =173 6.00 7.08

a. Resuits of Pauthenet and Veyret (Ref. 6).
b. Results on sample prepared with lower purity starting materials.
c. Results of Pertaut et al (Ref. 18).
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the slightest break at 80 K, which is known from neutron diffraction measurement36
to be the Néel temperature. There is no noticeable break in the 1/X vs T curve
either. The extent to which this behavior is related to the unusual spin order-

ing in the hexagonal compounds is an important unanswered question.

2. Hexagonal HoMnQ, Above 77 K the susceptibility of this material

3

is in close agreement with that found by Paut:henet.6 Results of measvrements

down to 4.2 K have not yet been analyzed, but no unusual features were noted.

3. Hexagonal YanO3 The inverse susceptibility of this material, cor-
rected for the presence of around 0.6 weight percent Mn304, is shown in Fig. 3.
No ordering above 4.2 K is apparent; Pauthenet (private communication) stated
that in his material the Yb spins ordered at 3.8 K, the Mn at 86 K. It is to
be noted that the deviation from simple Curie-Weiss behavior occurs well above

the Mn ordering tcmperature.

4, Ortho-YMnO3 The susceptibility of a Mnsoa-free sample iz shown in
Fig. 5. Data a* both 5.7 and 9.9 kOe are included. The sharp Nfel trarsition

at 42 K is particularly striking since it is the only case we have found in these
systems where a purely antiferromagnetic ordering of the 3d-ions shows up in the
susceptibility. The reason Hr this is completely unknown. This system is simple
enough crystallographically and magnetically that cne can make a guess at the
magnetic ordcring using molecular-field theory. Following the work of Bertaut18
on the orthochromites, one finds that '"G'"-type ordering (Fig. 6) 1is strongly
favored and that second-nearest-neighbor interactions are relatively weak. The

absence of weak ferromagnetism requires that the spins lie along the crystallo-

graphic "b"-axis,
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5. Ortho-HoMno3 This material is metamagnetic below 10 K. It is

discussed in decail in Appendix C.

6. Ortho-YanO3 Like the hexagonal form, orthorhombic YanO3 shows
no magnetic transitions above 4.2 K. It shows slight deviations from Curie-
Weiss behavior below about 200 K (Fig. 3). The data have been corrected for

the presence of a very small amount of some unknown ferromagnetic compound.

7. Ortho-DanO3 Measurements above 77 K on this normal form cf

DyMnO, agreed very well with those of Pauthenet6 and served to provide a check

3

between our data and his on an essentially paramagnetic material of the same

general type as the others investigated. (The data are not plotted.)

8. Hexagonal Yan.95§£.0593 Data on this solid solution are shown in
Figs. 2 and 3. We believe the apparent dip in the magnetization around 8 K is
specious; there is a great deal of scatter in the data in this region. It is
possible the low temperature rise in the magnetization indicates an incipent
ordering of the Yb ion; on the other hand, it may be specious too, since except
for these lowest tempevatures the susceptibility is very similar to that of hex-
agonal Xan03. The question immediately arises whether the observed magnetiza-
tion below around 70 K is a property of the material itself or whether it is
due to some impurity phase such as MnZCroa, which as ment:ioned above is supposed
to have a Curie point of 65 K. We hope to resolve this point in the future
through work with nearby compositions. It will also be interesting and helpful

to compare this data with measurements on the Yan03111 phase material.

e
9. Hexagonal ‘bhn.529.593

magnetic at all temperatures between 4.2 and 300 K. Analysis of the apparent

This material appeared slightly ferro-




31

moment showed that it was very similar in temperature variation to that of YbFe03,
which is known from X-ray work to be present in small amounts in the sample.
This seems to account adequately for all the observed moment, and the high-field

susceptibility (Fig. 3) is again quite similar to YbMnO It is somewhat sur-

3.
prising that the introduction of such a large amount of iron makes such a small

change in the magnetic properties, but perhaps not as surprising as the fact

that the iron enters the lattice in the first place.

10. Orthorhombic Yngg_3

114 K. 1Its properties are discussed in detail in Appendix D.

This compound is weakly ferromagnetic below

11, Orthorhombic YbCr This solid solution has the most un-

L7548, 2523
usual magnetic properties of any we have studied so far (Figs. 2 and 3). A small

magnetization sets in at about 111 X, which we have chosen to call the Curie
point, although, given the shape of the magnetization curve, the actual Curie
temperature might be somewhat lower. There appears to be some further change at
about 108 K in the original data, but this does not show up in Figs. 2 or 3.

As the temperature is reduced, a small moment builds up, and then, surprisingly,
_falls to zero or a very small value in the range 65 - 75 K. One is tempted to
.believe that there is some structural change at 75 K. Before this is looked for,
further checking of the magnetic data will be required, although it must be said
that data from low-temperature (4.2 - 140 K) and high-temperature (77 - 300 K)
runs match well in the region of overlap. Below 65 K, the magnetization again
increases, and then decreases sharply below 23 K. The possibilicy that much of
this low-temperature moment is due to ferrimagnetic impurities is not great,
since the small magnitude of the moment at 4.2 K is quite certain. Through all

these changes, the high-field susceptibility varies very smoothly. If these
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magnetic properties are confirmed, preparation of compact samples, preferably

films, should be undertaken in order to observe the domain structure.
IIB3. Electrical Properties

In the investigation of magnetoelectric materials the most important
electrical property is the electric polarization, which may be induced by a mag-
netic field or, in the case of ferroelectrics, may exist spontaneously. Generally,
the electrical resistivity and other transport properties are of secondary impor-
tance. However, all of the manganites and chromiies examined to date are low-
activation-energy semiconductors which at room temperature have sufficiently
high conductivities that the standard techniques for detecting electric polari-
zations are not reliable. Thus electrical resistivity measurements become more
important, especially since some authors claim that such measurements may be used
to infer the existence of ferroelectricity.8 We first discuss the problem of
electric polarization measurements in these types of materials and then give a
detailed descriptionnof the electrical resistivity of several manganite and
chromite specimens,.

A standard method for measuring the electric polarization, and thereby
detecting ferroelectricity, is to study in detail the temperature dependence of
the dielectric constant using capacitance measurements. Most ferroelectric
materials are characterized by very large dielectric constants in the ordered
state and much smaller values in the paraelectric state so that it is not neces-
sary to vary the temperature continuously, or even in small steps, to infer the
existence of ferroelectricity below a certain temperature. But in some materials
the dielectric constant in the ferroelectric state is comparable to that in the

paraelectric state and the transition can only be detected by ar increase in the
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dielectric constant very near the Curie point. An example of this is Gdz(M°04)3
in which the dielectric constant has almost identical values in the two states
and increases by only 30 percent over a few degree temperature range around the
Curie point of 159 C (as reported in the semiannual report this material was

used to test our apparatus). This small effect is readily observed in Gdz(M004)3
because it is an insulator. The difficulties encountered in applying the same
capacitance techniques to low=-activation-energy semiconductors may be seen by
considering our results for orthorhombic YMn03. A very large room temperature
dielectric constant, of order 1000, was measured with a fixed-frequency capaci-
tance bridge operating at 1600 Hz. This result suggested the existence of

ferroelectricity in ortho-YMnO, at 300 K. Subsequent measurements with a variable

3
frequency capacitance bridge showed a pronounced frequency dependence in the
apparent dielectric constant. Since capacitance and resistance effects at the
surface of the sample could produce this result, we were led to suspect that the
large dielectric constunt observed at 1600 Hz was due to contact problems. This
suspicion was confirmed by DC and pulse conductivity measurements which yielded
the typical current-voltage relationehip, i = io(eeV/kT - 1), of a Schottky
barrier. It was concluded that the low-frequency capacitance studies actually
measured the capacitance of the fired silver-paste contact to the specimen. By
extending the frequency range to 100 MHz it was determined that the dielectric

constant of orthorhombic YMnO, at 300 K is less than 3 indicating either that

3
this material is not ferroelectric at room temperature or that the dielectric

constant in the ordered state is comparable to that expected in the paraelectric
state. In either case the existence of ferroelectricity in orthorhombic YMn03,
or any other low-activation-energy semiconductor, can be established in this way

only by tsing high frequency capacitance measurements. When there is little
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difference bectween the ferroelectric and paraelectric dielectric constants, these
measurements must be made at closely-spaced temperature intervals. The extreme
difficulty of performing such measurements in a reliable manner on small, poly-
crystalline specimens has led us to seek other methods to infer the existence of
ferroelectricity and to indicate the Curie point.

One general method is to determipz whether the crystal structure is
centrosymmetric or acentric since the latter is required for ferroelectric order-
ing. 1In Appendix E we discuss four techniques for detecting acentricity. Three
of these, X-ray diffraction, pyroelectricity and piezoelectricity, have been ap-
plied unsuccessfully to all the manganites and chromites mentioned in the previous
section., The X-ray technique fails because the crystal space groups are Buerger
groups. The pyroelectric technique and a very sensitive piezoslectric resonance
technique (see Appendix E) are believed to have failed because any induced pola-
rization of the lattice was screened out by the free carriers. Such an effect
is known to occur when measurements are made at frequencies below the free car-
rier relaxation frequency, f = 0/2m¢. The fourth method discussed in Appendix E
is to establish acentricity by the observation of second-harmonic generation.
Since such experiments involve optical or infrared frequencies, free carrier
effects are a problem only in metallic samples. The necessary apparatus to per-
form second harmonic generation exi2riments is currently being assembled.

Recently it has been reported that electrical resistivity measurements
can be used to infer the existence of ferroelectricity in semiconducting mater-
ials. In these experiments ferroelectric-to-paraelectric transitions are corre-
lated with subtle changes in the temperature dependence of the electrical resis-
tivity.8 Before attempting to use this method for the investigation of ferro-

electricity in the high-pressure orthorhombic phases of YMnO3 and YanOa,
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measurements were made on hexagonal ‘lenO3 and orthorhombic YbCrO3 to test the
reliability of the technique. The former compound is known to be ferroelectric
with a Curie temperature of 993 K,5 while in the latter case the existence of
ferroelectricity is the subject of controversy. Other reasons for performing
resistivity measurements were to obtain data necessary to estimate the free-
carrier relaxation frequency of each of these compounds (as discussed above and in
Appendix E this quantity determines the degree to which piezoelectric resonances
may be observed at a given frequency), and to provide general knowledge about

the conduction mechanisms in this important class of materials.

All data were obtained by the Van der Pauw method19 applied to pressed
and sintered discs having a nominal diameter of 3 mm and thicknesses in the range
of 0.3 to 1.0 mm. Initial measurements were made using four fired-silver (Dupont
7713) electrodes arranged in a symme‘ric pattern on the perimeter of the discs.
These electrodes were found to be unsatisfactory at temperatures above 900 K,
however, and were replaced by four stainless-steel knife-edge contacts. In
general, it was found that the room temperature resistivities were controlled by
impurity and/or defect levels, while at higher temperatures, up to 1070 K, the
conduction process seemed to be dominated by levels which are b+ ~"~+.d to be
. characteristic of the materials. Below we discuss the results for each compound.

The variation in resistivity with inverse temperature for two differ-
ent specimers of hexagonal YbM’nO3 is shown in Fig. 7. The data points represented
by solid circles were obtained with fired-silver contacts on the sample prepared
under 36 kbar pressure and 1000 C using the lower purity starting materials (see
Section IIBl). At temperatures above 400 K the resistivity may be represented

by the familiar expression ¢ = Po ec/kT where o is the activation energy, k is

Boltzmann's constant and T is the temperature in degrees Kelvin. From the obvious
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straight line fit the activation energy is found to be 0.37 eV. Below 400 K
(dotted line) the limited number of data pcints suggest a slightly smaller acti-
vation energy. The results for this sample are in disagreement with those re-
ported by Rao et a1.8 for hexagonal YanOa. The activation energies are much

iithan theirs (0.99 eV and 0.73 eV), the resistivities are lowecr, and the

slight" Xk in the log p vs 1/T curve occurs near 400 K as opposed to 973 K

«
reported by‘ihem. Since these results suggested the presence of additional im-
purities in our samples, similar experiments were performed on specimens prepared
from higher;purity starting materials. 1In addition, the stainless-steel knife-
edge contacts were used to allow measurements above 900 K. Starting at room
temperature and procueding to 580 K the data, represeir:ad by the open circles in
Fig. 7, conformed exactly to that observed in the previous case. Above this
temperature, however, the resistivity was found to be unstable, showing a monotonic
increase with time as the temperature was held fixed. This effect is indicated
by the two non-equilibrium data points (*) lying above and to the left of the
curve described previously. It is likely due to oxidation of an initially re-
duced surface. After holding the temperature at about 700 K for several minutes
the specimen was cooled to room temperature and examined for any obvious degra-
dation. Showing no signs of such degradation the specimen was remounted, again
using nressure contacts. Subsequent measurements yielded much higher resistivity
values and, more significantly, showed no further changes upon cycling the tem-
perature over the entire range of 300 to 1070 K. These results are shown by the
triangles (increasing temperature) ard the squares (decreasing temperature) in
Fig. 7. These resistivity values are similar to those reporte? in Ref. 8.
Above 740 K the activation energy is found to be 1.07 eV, in very go- agreement

with the value 0.99 eV determined ty Rao et ai. In their case the 0.99 eV valus
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was observed only above 970 K. Below this temperature they found an activation
energy of 0.73 eV, and they attributed the »rea% in the log p vs 1/T curve to
the known ferroelectric transition in hexagonal YbMﬂOB' It is obvious that no
such break occurs near this temperature in our sample. At this point, it can
only be speculated that the level which yields an activation energy of 1.07 eV
in our sample is the same as that which gives an activation energy of 0.99 eV in
their sample. In any case, our results show that, apart from the remote possi-
bility that our sample has a very iow Curie temperature, the ferroelectric-to-

paraelectric transition in hexagonal YbMnO_, does not necessarily cause an anomaly

3
in the temperature depeulence of the electrical resistivity. This conclusion is
ceinfoirced by similar results obtained on orthorhombic YbCrOB.

The electrical resistivity of two YbCrO, specimens is shown as a func-

3
tion oS inverse temperature in Fig. 8. %The lower resistivity valuer at each
temperature (open circles) show the behavior of the specimen which was prepared

by reacting the starting materials ir air {see Section IIBl). Again uvsing an
equation of the form p = Po eG/kT, the high temperature activation enerzy is

found to be 0.26 eV in excellent agreement with the value of 0.24 eV reported by
Rao et al. But just as in the case of hexagonal Yth03, thexre is a problem in
ecuating these activation levels because the onset of such behavior occurs

at very different temperatures; Rao et al. reporte.! 760 K for this temperature,
whereas the results on this specimen yield a value of abcit 590 K and show no
evidence of a break at 760 K. Equally gignificant is the fact that our low
temperature activation energy, 0.55 eV, is much higher than Rao's value of 0.37 eV.
This suggests that the low-temperature resistivity of their specimen was controlled

by additiocnal impurities despite the fact that they found, in general, lower

resistiv’ty values. Support for this jdea is fourd from the data (solid circles)
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cbtained on the sample which was prepared by further reaction of the same prepa-
ration in one atmosphere of cxygen at 1300 C. As discussed in Section IIB1,

this procedure was usa2d to improve stoichiometry by enhancing the ratio of Cr3+
to Cr2+ oxidation states. The rv:ulting cowder was pressed and sintered at

40 kbars and 1200 C. It is seen In Fig. 8 tiict over the entire temperature range
studied both the resistivity and the activation energy are much iarger than in
the case of the air-fired sample which is believed to contain an appreciable
number of divalent chromium ions., Likewise these quantities are much “arger

than the corresponding cnes found by Rao et al. Even this sample showed no
evidence for a break in the log p v3 1/T curve at 760 K. Thus either YbCrO3 does
not undergo a ferroelectric-to-paraelectric transition near 760 K or such a
transition is not reflected in the temperature dependence of the resistivity.
Since Rao et al. do not show their data for the reported ferroelectric hyster-
esis-loop measurements or pyroelectric measurerents and since our resistivity
results are in disagreement with theirs, the existence of ferroelectricity in
orthorhombic YbCrO, remains an open question.

3
These results for hexagonal YbMnC, and orthorhombic YbCrO, raise serious

3 3
doubts about the use of electrical resistivity measurements to infer the exis-
tence of ferroelectrici%y in the orthorhombic phases of YMn03 and YanO3. Never-
theless such measurements were made on these materials in order to estimate ihe
free carrier relaxation frequencies. In Figs. 9 and 10 the variation of resis-
tivity with inverse temperature is shown for ortho-YMnO3 and ortho-YanO3
respectively., The most striking feaiure about the two curves which have been
drawn to fit the dava is that they are remarkably similar in all respects. 1In

particular, both curves axhibit the same transition teinperature between rcgimes

having different activation energies and in each temperature regime the activation
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energies of the two samples are identical within experimental error. Even the
magnitudes of the resistivities are nearly the same. Since the van der Pauw
method employed in these measurements is not affected by contact resistance, the
observed resistivities are believad to be characteristic of these specimens.

The fact that two different compounds show the same results suggests that the
activation levels are produced by the same kind of impurity and/or defect. In
this regard, it is interesting to note that in the range of 530 to 770 K, Rao,

et al. found an activation energy of 0.41 eV for hexagonal YMnO It is possible

3°
that the impurity and/or defect which causes this activation level is the same

as that which produces the 0.32 eV activation energy in our orthorhombic materials.
In any case, the fact that both materials show a break point in the log p vs 1/T
curve is not regarded as definitive evidence for ferroelectric transitions even

though the break points are almost identical and the two materials, if ferro-

electric, might be expected to show similar Curie temperatures.
IIB4. Prospects

The development of rare-earth magnetoferroelectrics has been approached
by introducing ferrimagnetism in kncwn ferroelectrics and also by seeking ferrc-
.electric properties in magnetic compounds where crystalline symmetry and chemical
gimilarity to known ferroelectrics make the occurrence of such properties rela-
tively likely. The initial classes of compounds studied were ferroelectric
rare-earth molybdates and hexagonal manganites. Neither of these classes was
found to exhibit magnetoferroelectricity above about 10 K. However, the heavy
rare-earth manganites remain promising hecause of the extensive solid solution
of other 3d cations, particularly Fa3+, which may develop ferrimagnetism. Here
studies of the field dependence of magnetic susceptibility will be needed on the
solid solutions in the hexagonal phase. Also solid solutions between the mangan-

ites and ferrites of other heavy rare eartihs besides ytterbium need investigation.
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There remains the question of possible ferroelectricity in the high-
pressure orthorliombic phases of the heavy rare-earth manganitee and also in the
rare-earth orthochromites., As previously mentioned, the recent report of non-
centrosymmetric space group an21 for the isomorphous compound NdGaO310 confirms
the need for separate examination of each compound. The observed weak ferromag-
netism of YbCrO3 below 114 K accentuates the need fer clarification of whether
it is also ferroeiectric., Here study of single crystals grown from alkaline
borate flux is needed. Probably other rare-earth chromite single crystals should
also be studied. The rather extensive solid solution of YanO3 in orthorhombic
YbCr03 may lead to further control of the magnetic properties. Also we expect

there will be solid solutions between the high-pressure phase of YanO3 and

YbFe03.

The present results indicate the need for further study of the effects
of partial substitution of a second 3d caticn in both the hexagonal heavy rare-
earth manganites and in the orthorhombic phases.

The solid solutions between bismuth ferrite, BiFe03, and rare-earth
orthoferrites appear similarly to offer regions with possible magnetoferroelec-
tric properties, Here BiFeO3 is a ferroelectric antiferromagnet while (RE)FeO3
compounds are weak ferromagnets. Recently, a study of the BiFe03-PrFe03 sys-
t:em20 has indicated the presence of both ferroelectricity and weak ferromagnetism
at room temperature in a phase of 20 to 25 mole percent PrFeO3. This system and
those with other rare-earth ferrites should be investigated further with emphasis
first on obtaining single-phase solid solutions for study of magnetic and

electric properties.




IIC_MOLYBDATES

In the P-phase, the rare-earth molybdates of formula (RE)2 (Mooa)3 are
ferroeiectric21 below about 430 K. Although this phase is nominally metastable,
it is stable for all practical purposes. Onz might not anticipate these compounds
would order magnet-cally at very high temperatures, but at least one molybdenum
compound , M0F3, or: :rs antiferromagnetically22 at 185 K; and in view of the in-
teresting elastic propertie523 and good optical characteristics24 of the molybdatesg,
they seemed to warrant at least preliminary investigation.

Accordingly, powder sarples of gadolinium, terbium, and europium molyb-

dates were prepared by direct reaction of the oxides. Single crystals of GdZ(M004)3

and sz(Mooa)3 were then grown by the Czochralski method. While the achievement
of outstanding optical quality was not a major goal, it was found that transpar-
ent material could best be grown by melting prz=-reacted molybdate powder and by
using low growth rates. The reported ferroelectric transitions were verified
dielectrically and, in the case of GdZ(McOQ)B, optically, The existence of piez-
oelectricity and pyroelectricity at room temperature was also verified. The
magnetic susceptibility of GdZ(M°°4)3 was measured from 77 K to above the ferro-
electric Curie point; no anomaly at the transiticn was noted. At abcut this time,
we received a preprint of the work of Keve et al.,25 in which it was stated that
no magnetic transitions were found .n gadoiinium or terbium molybdates down to
1.6 K. Their high-temperature data for Gdz(M004)3 agreed well with ours. 1In
view of these results, and since we could not think of a reasonable way to induce
a transition by adding other ions, we decided these materials were not of suffi-
cient magnetoferroelectric interest to justify further invcstigation. These
materials have been most useful in testing and calibrating the piezoelectric

resonance spectrometer described in Appendix E, and they appear to have some
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possible applications which are being actively pursued by other workers. Some
further details concerning our work in this area can be found in the Semiannual

Technical Report.
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II__NARROW-GAP AND NARROW-BAND COMPOUNDS

IIIA INTRODUCT ION

There is great current interest in materials which undergo transitions
from a semiconducting or insulﬁting state to a metallic one. Such transitions
occur with changes in temperature or pressure, and also possibly with applied
electric field, although this has never been unambiguously confirmed. Such an
electric-field~induced transition might be of great practical value. While the
understanding of these transitions as a general phenomenon is at best rudimentery,
the difficulties, both experimental and theoretical, being formidable, it apnears
that mauy transitions involve the formation, from what were localized states,
of some sort of norrow conduction band. Certain samarium compounds, where low-
lying excited states may be just localized, are among the most interesting mater-
ials having?such transitions.26 Of particular importance for initial studies
because of the gradual low-activation-energy transition it shows at low tempera-
ture is samarium hexaboride,27 SmB6. It was at first thought that tae transition
in this material simply reflected a gradual valence change of Sm2+ to Sm3+ Wit
increasing temperature. Subsequently, Mpssbauer measuremencs28 were interprated
as showing that both divalent and trivalent ions were present in a propcicion
independent of the temperature. More recently, a model of activaticn of localized
excited states has been propcsed to explain the electric and megr:tic yroperties
of SmB6.29 3imply stated, this model assumes that the electrizal proneriies
may be accounted for by the promotion of a 4f electron of the divalent Sm ion
(4f6 configuration) tc the 68 conduction state, but that this excited electron
is sufficiently well localized that the magnetic properties may be described by

applying Hund's rules to the pseudo-ion &f5-6sl(in Section IiIB2 the magnetic

properties of this pseudo~ion are discussed in detail). It ies important to
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establish the degree of validity of such a model for SmB6 so that extensions can
be made to the samarivm monochalcogenides, which are technologically more inter-
esting because they undergo pressure-induced insulator-to-metal transitions at

room temperature. It seemed to us that the situation in SmB6 could be clarified
5

by i) electron spin resonance studied to establish the existence of the 4f -681
pseudc-ion, or alternatively to determine the valence state of the Sm ion, and
ii) resistivity measurements on single crystals, rather than the powders pre-
viously used. Also it seems that SmB6 might be a gnod material in which to look
for an electric-field-induced transition.

In the following section we describe in detail the preparation and
characterization of SmB6 specimens and then discuss the results cf electron spin
resonance, nuclear magnetic resonance and electrical resistivity measurements

on these samples. In Section IIIC we describe preliminary work on the prepara-

tion of samarium monochalcogenides and some solid soluticn alloys which might

have similar electronic properties.

11IB  SAMARIUM HEXABORIDE

IIIB1 Preparation and Characterization

SmB6 was prepared in powder form by reacting an intimate mixture of

Sm,0, and B,C powders. The reaction was accomplished by raising the temperature

273 4
of the mixture of 1500 C in a rf-heated tantalum susceptor-container in vacuo

and holding at that temperativre for several hours. The reaction is presumed

30
to be

Sm203 + 3BQC s ZSmB6 + 3CO0 .

T—————
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Following these steps the material was ground and re-mixed, and the reaction
procedure was repeated to ensure completeness. Initial preparations were made
with 99.9% szoa, while subsequent preparations were mde with 99.99%+% Sm203-

The boron carbide was nominally 984% pure, with a measured boron content of 76 wt%
versus 78 wt% theoretical.

The SmB6 powder was hydroscatically pressed at 6 kilobars into ~ 1/4-inch
diameter rodlike slugs which were used as starting material for the preparation
of dense, bulk specimens.

Three methods were used to prepare the vulk specimens: sintering, rf
melting, and arc melting. Sintering was accomplished by rf heating at 1500 C -
1900 C for 0.5 to 2 hours in a tantalumsusceptor-container in an atmosphere of
pure helium. The sintered slugs we-e still porous, with porosity estimated at
about 107 in the better cases,

For the rf melting and crystal growth, the pressed slugs were placed
in a water-cooled copper boat in vacuo or in a hydrogen or helium atmosphere and
were melted by use of a 4 MHz rf field., The melting temperature, determined by
uncorrected optical pyrometry, was about 2300 C. In the course of melting, some
material vaporized from the melt and deposited on adiacent cooler portions of

. the system. In vacuo, this rate of vaporization was found to be unacceptably

high, thus forcing use of atmospheric pressure. Material melted in hydrogen was
found to contain numerous bubble-like voids, presumably due to the dissolution

of hydrogen in the molten material and its exsolution as freezing occurs.

Material melted in helium, however, was virtually void-free. Although melting

in a water-cooled copper boat yielded the first sizable fused pieces of SmB6,

the portions of the charge in contact with the copper were held at ‘ow temperature,
and it was not possible to fuse the material completely. In an attempt to improve

the technique, with the aim of preparing larger sound apecimens and single crystal
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specimens, pyrolytic boron nitride was utilized as a container material. Follow-
ing a run, Y-ray diffraction analysis of material from the interface region

showed only 8N and SmB, to be present. This suggests that there was no reacticn

6
between the BN container and the molten boride, ard that pyrolytic BN is a suit-
abie container for the fusion and growth of crystals of rare-earth borides and
possibly other refractory rare-earth compounds of this type.

"Buttons" of dense material were prepared by arc-melting the pressed
slugs or. a water-cooled copper hearth in a pure helium atmosphere using a tung-
sten electrode. These buttons contained some voids and fracture lines, presumably
because of the intensely localized heating and the severe thermal gradients
imposed in the nrocess. The best SmB, melt-growth results were obtained b, rf

6

melting. Sizable, sound pieces of SmB, were prepared with dimensions up to 1 cm.

6
These contained relatively.large crystals with faces up to & mmz, revealed by
cleavage. Further development of the method to yield large single crystals
should be possible.

SmB6 powder, prepared from stoichiometric quantities of Sm203 and th’
was found “y X-ray diffraction analysis to contain SmBA as a second pha... It
was possible to eliminate this second phase and to get roentgenographically
single-phase powder by adding a calculated excess of BAC' However, the observed
loss of material by vaporization during melt growth suggested the possibility of
a shift in composition in the course of this processing step.

Material vaporized from the melt during growth runs could no. easily
be identified "~y X-ray diffraction analysis since it was amorphous, but emission
spectrography showed that the vaporized material contained major concentrations

of both samariam and boron. When one specimen that contained a minor phase of

SmBA was melted, X-ray diffraction analysis revealed that the SmBA concentration
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was decreased appreciably in the process. In the course of arc melting, also,
samarium was lcst preferentially from the melr; when the starting material wasg
stoichiometric, the arc-melted material was found by electron microprobe analysis
to contain boron intergranular phase. By starting with excess Sm, material was
prepared wh'ch did not contain this boron phase after remelting. This was shown
both metallographically and by electrc- probe microanalysis.

The above discussion on the characterization of the SmB5 specimens can
only be made complete by reference to some particular results of the ESR and NMR
experiments described in the following two sections. Among other things, both
resonanance techniques clearly showed the presence of remnant BAC and/or amorphous
boron even in those specimens which were shown to be substantially single phase
by X-ray diffraction. In fact, it was this result which suggested the use of
emission spectroscopy ~and elect ‘on-microprobe analysis discussed earlier. For
example, ﬁe consider the powder sample which was prepared with an excess of BAC'
The B11 NMR studies showed two types of resonances, one being cﬁaracteristic
of SmB6, as described in Section IIIB3, and the other characteristic of BAC as
determined by comparison with NMR measurements on this compound alone. Relative
intensity measurements on this "SmB6" sample suggested that only about 80% of the
boron nuclei were contained in the SmB6 compound. Assuming the remainder were
contained in BAC’ the éalculated weight percent of carbon would be about 2 per-
cent. Subsequent micro-combustion analysis reve&led a carbon content of about
1 weight percent. A sample of remelted SmB6 (not however, prepared with excess
BAC) was also analyzed for carbon content and was found to contain only 0.01
weight percent carbon. This is not surprising since BQC has a considerably
higher melting point and lower density than SmB6 so that any unreacted excess

will tend to float out on remelting. This was confirmed metallographically.

NMR measurements on the low-carbon-content sample showed a much reduced intensity
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for the unwanted resonance; however, these measurements were not commensurate
with the extremely low value found by microcombustion. This led to the suspicion
that the remaining unwanted signal was dJue to B11 nuclei in amerphous boron which
would not be detected by X-ray or carbon content analysis.

Finally, it should be mentioned that B11 NMR resonances were never

observed in owder samples of SmB, prepared from 99.97% pure szc3 while intense

6
resonances were seen in those powders prepared with the higher purity starting
material. The signal intensity observed in the latter case indicated that most
of the boron nuclei contributed to the pattern., This observation is the best
available evidence that the SmB6 portions of the samples are quite homogeneous,
siuce random deviations ffom crystallinity would cause a distribution of electric
field gradients and, thus, broaden the resonance to such an extent that it would
be difficult to see. It is unfortunate that such a good test of sample quality

does not seem to have been made on SmB, samples investigated in other laborator-

6

ies.
I1IB2 Electron Spin Resonance

As wentioned in Section IJIA, the conduction mecharism in SmB6 is
believed to irvolve the delocalization of a 4f electron of the divalent Sw ion
6 .
(4f configuration) by thermal excitation to the 5d or 6s conduction band. Indeed,
. . 28 . . ‘ .
Mossbauer experiments have been interpreted in terms of the simultaneous exis-
2+,, .6 3+, .5, . .
tence of both Sm” (4f ), and Sm™ (4f) ions. However, no changes in the Mossbauer
spectrum were observed as the temperature was varied through the region where
- .2 A . .
the electrical conductivity U undergoes a transition. In addition, magnetic

susceptibility measurements have been unsuccessful in detecting the expected

. 3+ . . .
paramagnetism of the Sm ion. Thus, one cof two points of view must be adopted;
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either the Mossbauer observation of the 4f5 configur .ion is in error, or one

must postulate a model whereby the paramagnetism of the 4f5 configuration is
cancelled by a relatively localized 5d or 6s electron which is generated from a
well-localized 4f electron of the Sm2+ ion. In the fcllowing we discuss separately
these two possibilities.

The ground state of the Sm2+ ion has no net angular momentum and is
thus nonmagnetic, while the Sm3+ ion has a J = 5/2 ground state which is highly
paramagnetic. It therefore seemed reasonable to use ESR experiments to determine
the valence state of the Sm ion in SmB6. Operating at both X-band and K-band
frequencies a very intense, extremely broad resonance was observed in the first
prepared specimens. However, the effective gyromagnetic ratio was not commen-
surate with that expected for the Sm3+ ion in a crystal fieid appropriate to the
SmB6 lattice. Crystul field calcwlations did suggest that the observed proper-
ties could result from the first excited angular momentum state (J = 1) of the
Sm2+ ion. This state, which we estimate to be about 380 K above the ground state,
is expected to have a very short relaxat ion time leading to an extremely broad
ESR signal in agreement with that observed. 1In addition, the signal intensity
showed apprrximately the temperature dependence corresponding co the population
predicted by the Boltémann distribution for a state situéted 380 K above the
ground state. Since the ESR of such thermally excited multiplet states had
never been observed it was felt that si.ilar observations in other systems were
necessary to establish the validity of the proposed explanation. Several unsuc-
cessful attempts were made to detect the E3R of the first excited state of the
It was concluded that the resonance

sm?* ion in SuF., SmSe and Sm-doped CaF

2°

specimen was due to large scale impurity

2’
observed in the initially prepared SmB6

concentrations of unknown origin. Subsequent ESR studies on higher purity
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specimens confirmed this by showing no evidence of the above-mentioned signal.

Thus it is clear that although Sm3_ may contain a large number of Sm ions having

6
five 4f electrons these ions do not correspond to the unperturbed Sm3r+ valence
state.

An alternative explanation for the lack of paramagnetism associated
with Sm3+ ions is that the transition from 4f6 to éfs-Sd or 65 leaves the 5d or
6s electron sufficiently localized that its magnetic moment cancels that of the
4f5 configuration. One possibility is that the excited electron occupies the 6s
state which has its spin angular momentum parallel to the net spin of the 4f
electrons. Assuming the 6s electron is relatively localized and applying Hund's
rules to this pseudo-ion yields the following total angular momentum vectors:
S=3,L=5and J =L =S =2, The interesting aspect of such a state is that

although the total angular momentum is finite the Land€ g factor,

J(I+1) = L(L+1) +5(S+ 1)
2 3@ + 1) ,

=1+
ng

is zero resulting in a magnetic moment which is likewise zero. Subsequent to
our recogniticrn that the 4f5 - 6sl] "ion" is non-magnetic, it was shown29 that

such a model is consistent with all known properties of 5mB However, these

6°
results do not confirm the validity of the proposed model, and a direct test of
the pcstulated state is needed, especially since the mechanisms involved are
believed to be responsible for the semiconductor-to-metal transitions observed
in a large number of Sm chalcogenides. One test of the above model is to detect
the paramagnetism associated with the so-called antiparallel state, i.e., the
state in which the spin of the 6s electron is opposite to the net spin of the
five 4f electrons. This state, designated 4f5-6s#, must also be present if the

5

4f -6s|! state exists, and it has been predicted29 that it lies about 80 K above

the ground state. The fact that this state is magnetic may be seen from Kund's
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rule, which predicts S = 2, I, = 5and J = L - S =3, and the Landé g factor which
for this case is gy = 0.5. We have searched diligently for the ESR associated
with this state. According to Cohen28 about 707 of the SM ions in SmB6 are in
the 4f5-63 configuration. Assuming the value of 80 K for the 4f5-6s# state rel-
ative to the 4f5-63H grourd state is correct, it is estimated that about 307 of
the available ions aré in the magnetic state at room temperature. Furthermore,
crystal field calculations have been made to predict an effective g value for
ESR of 8ogs ™ 3/2 gy = 3/4. Resonances have not been observed at this position

in any of the SmB_ specimens, but because various broadening mechanisms could

6
render such a resonance unobservable this rnegative result does not necessarily

imply that the proposed model is not applicacle to SmBa.
11
IIIB3 B = Nuclear Magnetic Resonance

Although the presence of small concentrations of unreacted Bac and/or
precipitated boron has complicated the study of the B11 NMR properties in SmBa,
it has not precluded a determination of the electric quadrupole coupling constant.
Since this quantity is the product of the electric quadrupole moment of “ne 811
nucleus, the value of which is well known, and the eiectric field gradient at
the boron site, information about the electron.distribution in SmB6 can be in-
ferred. Using a standard continuous-wave, induction spectrometer similar to that
manufactured by Varian Associates and conventional lock-in detection, a typical
powder pattern spectrum of the central (1/2 = - 1/2) transition and both satel-
lite (1/2 = 3/25 - 1/2 » - 3/2) transitions has been observed over the frequency
range of 4 to 24 MHz. The central transition is complicated by the fact that
resonances from Bac and/or free boron are superimposed on the quadrupole-bra dened

pattern. However, the satellites, being well removed, do not suffer from this

difficulty and the satellite splitting yields a well-defined electric quadrupole
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coupling constant of 0.58 MHz. Using this value it is possible to identify self-
consistently those peaks which belong to the central transition and to correlate
the extra peaks with B11 resonances from the unwanted éontaminants. As discus-
sed in the last two paragraphs of Section IIIB1l, the latter resonances have been
useful in characterizing the bhomogeneity of our specimens. Since the electric
quadrupole moment of the B11 nucleus is quite large, the rather small value of
the quadrupole coupling constant (0,58 MHz) indicates that the point symmetry at
the boron site (tetragonal CA) in SmB6 is acfually only a small distortion of the
overall cubic (Oh) symmetry of the lattice.

Finally, it is noted that the B11 resonance in SmB6 is easily saturated;
this indicates that the semple does not contain an appreciable number of highly
pgramagnetic ions, such as Sm3+, at room temperature. Thus in agreement with
;he fact that ESR signals associated with this state have not been found, it
seems improbable that the high conductivity can be explained as a simple ioniza-

tion of the divalent samarium ions to the trivalent state.
I1IB4 Electrical Iroperties

Two samples of SmB6 were used for measurement of electrical transport
properties. One was obtained from the initial pressed and sintered ingot and
one from a fused ingot. As discussed in Section IIIBl there were substantial
differences in porosity, density, and hardness and rather smaller differences
in composition between the two specimens. The sintered specimen was rather porous
and soft, but was single phase. The fused specimen, on the other hand, was hard
and dense but contained SmB4 in trace amounts. Measurements have not yet been
made on the newest arc-melted samples. These samples uo not contain SmB4 or free

boron and are not porous, but they do hive a small number of minor cracks and

voids.

e g s S e
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As a result of the high porosity in the one case, and the presence of
SmBa in the other, neither sample was of the quality desired. Nonetheless,

resistivity data were obtained on both specimens at 300 and 77 K. The results

were:
Sample Resistivity p, ohm-cm Temperature , %k p77/p300
Sintered 7.13 x 107% 300 1.20
© 8.58 x 107% 77
Fused 6.37 x 102 300 1.42
9.05 x 1074 77

Both specimens appear to be semiconducting. The resistivity ratio
is higher in the fused specimen and also appears a little higher than that
reported by Menth, et al. It is not known at this time whether the difference
between the samples is the result of voids, crystalline perfaction, variacion of
composition, or impurities. However, the differences are small indicgting intrinsic
conductivity as expected,

In view of the fact that the activation energy in SmB6 is intrinsic to
the material, rather than being controlied by impurity levels as in Ge, we are
considering the possibilit of using SmB6 as a low-tenperature thermometer (in
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